Background: Mycobacterium tuberculosis infection can activate the immune system, leading to characteristic pathological changes such as inflammatory granuloma, caseous necrosis, and cavity formation. Methods: Clinical data of 187 cases of pulmonary tuberculosis (PTB) were analyzed using statistical methods, while serum levels of complement C4b (C4b), fibronectin (FN), and prolidase (PEPD) were detected using the ELISA method among the control, minimal PTB, moderate PTB, and advanced PTB groups. Results: We found significantly higher levels of serum C4b and PEPD (P = 0.018, P = 0.003), and significantly lower levels of serum FN (P < 0.001) in PTB patients. Furthermore, the serum levels of 3 proteins were significantly different among 3 PTB groups. FN level was significantly higher in the moderate PTB group, compared with patients in the minimal and advanced PTB groups (P < 0.05, P < 0.01). PEPD level was significantly higher in the moderate PTB group, compared with the minimal PTB group (P < 0.05). Analysis of clinical data showed that serum albumin, C-reactive protein (CRP), prealbumin, and C4 were significantly higher (P < 0.05), while serum globulin was significantly lower in patients with PTB (P < 0.001). A significant negative correlation was found between C4b and albumin, prealbumin. On the other hand, a significant positive correlation was found between C4b and globulin, CRP, PEPD, as well as between PEPD and CRP (P < 0.05). Conclusions: Our study showed that C4b, FN, and PEPD are associated with tissue damage, granuloma formation, and cavity formation, respectively, in patients with PTB. The present study provides a new experimental basis to understand the pathogenesis and pathological changes of PTB.
Background
China has the world's second largest tuberculosis (TB) epidemic with 0.9 to 1.1 million new cases and 45,000 to 49,000 death cases in 2011 [1] . The fifth national TB epidemiological survey data showed that China's active TB population is up to 4.99 million, including 0.72 million sputum smear positive patients and 1.29 million sputum culture positive patients [2] . We found that the number of active TB patients was even larger due to the increase in the total population compared to 2000, indicating that TB is still a major infectious disease in China.
Pulmonary tuberculosis (PTB) is caused by infection of Mycobacterium tuberculosis (MTB). It is one of the most common infectious diseases in the world. Innate immunity provides the first line of defense against MTB infection. In addition, complement proteins also act as a functional bridge between innate and adaptive immunity, thereby participating in many complex immune responses [3] . Several previous studies have shown that defects in innate immunity could lead to PTB progression [4, 5] and defensins could cause increased tissue damage [6] while, the Toll-like receptor, CD14 is required for MTB-cell recognition [7, 8] . As a part of complement system, the mannose-binding lectin (MBL) pathway can cause cytolysis by identifying mannose residues on the surface of MTB, and complement C4b (C4b) is a product of activated complement C4 (C4) in the early stage of MBL pathway [9] . So, we hypothesized that the C4b levels may be associated with MTB infection and tissue damage. It is well known that PTB undergo many characteristic changes such as granuloma formation, caseous necrosis, and cavity formation, but the molecular mechanisms underlying these changes remain unclear. Currently, many proteins have been demonstrated to participate in the pathogenesis and pathological changes of PTB, including a large amount of extracellular matrix proteins such as matrix metalloproteinase 9 (MMP-9) [10] , tissue inhibitor of metalloproteinases-2 (TIMP-2) [11] , and osteopontin [12] . MMP-9 has been shown to be involved in the recruitment of macrophages and tissue remodeling at the early stage of granuloma formation in PTB [10] . Fibronectin (FN) is a type of extracellular matrix proteins, which binds to β1 integrin on the cell surface, leading to cellular adhesion to the extracellular matrix. Considering this, there is a big chance that FN could be involved in granuloma formation. TB cavity is formed by liquid discharge through the bronchial tree after the hard caseum softens [13] . Kumar et al. [14] attributed granuloma formation, caseous necrosis, and liquefaction to host proteases disorder. Protease (PEPD) is a type of proteases that hydrolyzes peptides with proline or hydroxyproline at the carboxy terminus. All together, we hypothesized that serum C4b (Swiss-Prot: P20851), FN (Swiss-Prot: P02751), and PEPD (Swiss-Prot: P12955) levels may be associated with MTB infection, tissue damage, granuloma formation, cavity formation and other pathological changes in PTB patients.
In this study, we explored the serum C4b, FN, and PEPD levels in patients with PTB and healthy controls. We divided PTB patients according to the standard of the modified classification of the National Tuberculosis Association (NTA) of the USA and revealed the relationship between the three proteins and pathological changes in order to clarify the role of these proteins in the pathogenesis of clinical TB.
Methods

Patients and control subjects
A total of 187 subjects with pulmonary tuberculosis were recruited from the Sixth Hospital of Shaoxing. A total of 115 subjects, aged 18-70 years (mean age 41.6 ± 17.2 years) were tested by ELISA. The control group comprised 39 healthy subjects, aged 23-58 years (mean age 39.9 ± 9.9 years), and unrelated blood donors with no history of TB or other immune diseases. Females constituted 31.3% of the PTB patients, and 38.5% of healthy controls (Table 1 ). This study was approved by the Ethics Committee of the Faculty of Medicine (Zhejiang University, China), and informed consent was obtained from all subjects before blood sampling. Blood was drawn into regular bottles in the morning from each patient before the anti-TB therapy. Similarly, fasting blood samples were drawn from healthy controls. The samples were stored at -70°C for further analysis.
Patients were diagnosed according to the diagnostic criteria for PTB of Ministry of Health of the People's Republic of China [15] . All patients meet one of the following PTB diagnostic criteria: (1) positive sputum examination (smear or culture); (2) negative sputum examination, chest X-ray, and CT revealing evidence of typical active TB; (3) pathological diagnosis of TB in lung specimens; (4) suspected of having PTB after clinical follow-up and X-ray observations, and excluding other lung diseases; (5) clinically ruling out other causes of pleural effusion, and diagnosis of tuberculous pleurisy. All patients were classified as having minimal, moderate or advanced PTB using a modified classification of the NTA [16, 17] . The study group comprised 115 PTB patients classified as minimal (N = 39), moderate (N = 41), or advanced (N = 35) PTB. There was no significant difference in the age and gender distribution among the three groups.
ELISA methods
Human C4b ELISA Kit (Cusabio Biotech Co., LTD, China), with a detection limit of 15.6 ng/mL, was used to detect C4b in serum. Human FN ELISA Kit (Abnova Co., Taipei, Taiwan), with a minimum detection limit of 0.31 ng/mL, was used to detect FN in serum. Human PEPD ELISA kit (Cusabio Biotech. Co., LTD, China), with a minimum detection limit of 93.75 mU/mL, was used to detect PEPD in serum. The protein concentration of 39 healthy controls and 115 PTB patients were measured according to the manufacturer's instructions. Briefly, serum samples were diluted with dilution factors of 1:2,000, 1:1,000,000 and 1:10 for C4b, FN and PEPD, respectively. Diluted samples were incubated in microtiter wells coated with antibodies of proteins. After incubation and washing, the biotinylated tracer antibody conjugated with streptavidin-peroxidase was added to the wells. Substrate tetramethylbenzidine (TMB) was added to the wells after a second incubation and washing, and then the oxalic acid was added to stop the enzyme reaction. Absorbance was read on xMark microplate spectrophotometer (Bio-Rad, Inc., USA) at a wavelength of 450 nm. The concentration of the protein was estimated using a four-parameter logistic curve (Microplate Manager 6 software, Bio-Rad, Inc., USA) based on the measured standard values.
Statistical analysis
Parametric data were presented as mean ± SD while nonparametric data were presented as median ± IQR, and P < 0.05 was considered as statistically significant by the SPSS software, version 16.0 (SPSS, Chicago, IL). The Onesample t-test was used to investigate the difference between PTB patients and normal reference range after taking the logarithm. Two groups' data were tested using the chisquare test for composition ratio and t-test for means. Nonparametric analysis was carried out using the Mann-Whitney U-test. Spearman correlation method was performed to determine association between two different parameters. The study sample provided 88.93% power to identify significant differences between whole PTB patients and healthy controls at a statistical support level of α = 0.05 with an d of 0.6 applying a two tails model, and provided 75.47% power when identifying significant differences between minimal, moderate, advanced PTB groups and healthy controls.
Results
Clinical data analysis of 187 PTB cases showed various significant differences between PTB patients and healthy controls of different parameters ( Table 2 ). Comparison of 115 PTB patients and 39 healthy controls by using the ELISA method showed significant higher levels of serum C4b and PEPD (P = 0.018, P = 0.003), and significant lower level of FN (P < 0.001) in PTB patients ( Figure 1 ). Then, we compared the control group with the minimal, moderate, and advanced PTB groups. Our results indicated that the levels of serum C4b were different among groups (P = 0.024). There were significant differences in serum C4b levels of the moderate and advanced PTB groups, compared to the control group (P < 0.05, P < 0.01) (Figure 2A ). We also found different levels of FN (P < 0.001) among groups. FN level was found to be significantly different in the moderate PTB group, compared with patients in the minimal and advanced PTB groups (P < 0.05, P < 0.01), not to mention the control and minimal (P < 0.01), and the control and advanced PTB groups (P < 0.01) ( Figure 2B ). PEPD also showed different expression levels among the groups (P = 0.011). There were significant differences in serum PEPD levels between all three PTB groups and the control group (P < 0.05, P < 0.01, P < 0.05). In addition, a significant higher PEPD level was found in the moderate PTB group than the minimal PTB group (P < 0.05) ( Figure 2C) .
By using the Spearman correlation analysis, we found a significant negative correlation between C4b and albumin, prealbumin. A significant positive correlation was observed between C4b and globulin, CRP, PEPD, as well as PEPD and CRP (P < 0.05) ( Figure 3 ). After that, we separated all 115 subjects based on age, gender, current smoker, single/double lung lesion, cavity/non-cavity, sputum smear results (−/+/++/+++/++++). Significant difference of C4b level was found between smokers and non-smokers (P = 0.012), as well as PEPD level between males and females (P = 0.011) ( Table 3 ). In addition, FN was related to sputum smear positive results (r s = 0.22, P = 0.028) ( Table 4 ).
Discussion
Innate immunity is the body's first line of defense against MTB infection. As a part of the complement system, the MBL pathway can cause cytolysis by identifying mannose residues on the surface of MTB. C4b is a product of activated C4 in the early stage of MBL pathway [9] . Clinical data analysis showed liver dysfunction (decreased albumin), immune system activation (increased globulin), and complement system activation (increased C4, C3) in PTB patients ( Table 2) . Similar findings were observed by ELISA method (Figure 1A) . Correlation analysis demonstrated a weak but significant correlation between C4b and albumin, globulin (P < 0.05) ( Figure 3A, 3B) , indicating that the reduction of liver synthetic function, and the activation of immune and complement systems occurred in the early stage of PTB. Kingery et al. [18] revealed that increased plasma C4b may enhance the tissue damage by inflammatory response, indicating C4b as a prognostic biomarker of type I diabetes. In our study, a significant difference in C4b expression was observed in the moderate and advanced PTB patients, compared to the control group (P < 0.05), suggesting that a larger amount of bacterial infection may cause complement system activation, tissue damage, and cavity formation, which is also proven by Yoon et al. [19] .
PTB is characterized by necrotizing granulomatous inflammation of the lung tissue. FN is an extracellular glycoprotein that binds to β1 integrin on the cell surface, leading to cellular adhesion to the extracellular matrix. There are two types of FN: plasma fibronectin (pFN), a soluble dimer present in the body fluid, and cellular fibronectin (cFN), an insoluble oligomer present in the extracellular matrix [20] . Fibroblasts could secrete proteases, such as metalloproteinase to digest pFN at first, and then secrete cFN to form extracellular matrix during the tissue injury. This may be the reason for the decreased serum FN levels (P < 0.001) in PTB patients in our study. Moreover, Kim et al. [21] revealed increased serum pFN in retinoic acid-deficient mice, which could be reversed by adding exogenous retinoic acid.
Retinol-binding protein 4 (RBP4) is responsible for binding and transporting blood retinol into the cells to become retinoic acid, and RBP4 reduction was observed previously in PTB patients [22] . Therefore, we hypothesized that reduced RBP4 protein may be related to the FN reduction in PTB patients. RBP4 transport retinol into the cell, resulting in increased intracellular retinoic acid and decreased serum FN.
Interestingly, there was a higher level of FN in the moderate PTB group, compared to both minimal and advanced PTB groups (P < 0.05, P < 0.01). FN is thought to be the earliest biomarker of Schistosoma haematobium and Schistosoma mansoni infested granuloma [23] . Rojas et al. [24] demonstrated that phosphatidylinositol mannoside of MTB can bind to α 5 β 1 integrin on CD4+ T cells, resulting in T cell adhesion to FN in granuloma. So, we suggested that a higher FN level in moderate PTB patients is related to the granuloma formation. In addition, correlation between FN and sputum smear positive results (r s = 0.22, P = 0.028) supported our suggestion. As the disease progresses, advanced PTB patients had a reduced level of serum FN, which may be caused by the increased expression of proteases, resulting in increased FN digestion. Host proteases disorders can cause granuloma formation, caseous necrosis, and liquefaction, leading to collagen degradation and tissue damage. PEPD is a type of proteases that hydrolyzes peptides with proline or hydroxyproline at the carboxy terminus. Myara et al. [25] demonstrated a higher plasma PEPD activity in the early stage of chronic liver disease, indicating its role in the extracellular matrix All the data were presented as median ± IQR. A P-value of less than 0.05 indicates statistical significance. a P value among groups, for Mann-Whitney U-test. * P < 0.05; ** P < 0.01. formation. Gumus et al. [26] found a higher serum PEPD activity in patients with PTB, especially in patients with the lung cavity. It was suggested that increased PEPD level might be related to tissue damage, enhanced fibroblast activity, and increased levels of immunoglobulin and complement C1q (C1q). However, our previous unpublished results, using iTRAQ 2D LC-MS/MS technique, showed no significant difference in serum C1q level between PTB patients and the control group. Clinical data analysis showed a higher levels of IgG, IgA, and IgM in patients with PTB (P < 0.05) ( Table 2 ), supporting the speculation that high immunoglobulin levels can lead to increased PEPD level. Therefore, we hypothesized that increased serum PEPD level might be related to tissue damage, enhanced fibroblastic activity, and increased immunoglobulin. Significantly higher levels of PEPD in moderate PTB patients, compared to minimal PTB patients (P < 0.05) indicated that PEPD may be involved in the granuloma substrate hydrolysis process leading to the cavity formation. Furthermore, there was a significant difference in C4b level between smokers and non-smokers (P = 0.012), and a significant difference was observed in PEPD level between males and females (P = 0.011). We suggested that the lower level of C4b in current smokers may be caused by a reactive inhibition induced by the activation of complement system than non-smokers before MTB infection. The reason for higher level of PEPD in males may be due to the higher ratio of hepatitis B infection among males leading to liver fibrosis [27] , as PEPD is an early indicator of liver fibrosis [25] .
Conclusion
In conclusion, we revealed increased serum C4b and PEPD levels, and decreased FN level in PTB patients. C4b may be associated with tissue damage, while FN and PEPD are associated with granuloma and cavity formation, respectively. The study provides a new experimental basis to understand the pathogenesis and pathological changes of PTB.
